Background: Because many cancer patients are diagnosed earlier and live longer than in the past, second cancers induced by radiation therapy have become a clinically signifi cant issue. An earlier biologically based model that was designed to estimate risks of high-dose radiation -induced solid cancers included initiation of stem cells to a premalignant state, inactivation of stem cells at high radiation doses, and prolife ration of stem cells during cellular repopulation after inactivation. This earlier model predicted the risks of solid tumors induced by radiation therapy but overestimated the corresponding leukemia risks. Methods: To extend the model to radiationinduced leukemias, we analyzed -in addition to cellular initiation, inactivation, and proliferation -a repopulation mechanism specifi c to the hematopoietic system: long-range migration through the blood stream of hematopoietic stem cells (HSCs) from distant locations. Parameters for the model were derived from HSC biologic data in the literature and from leukemia risks among atomic bomb survivors who were subjected to much lower radiation doses. Results: Proliferating HSCs that migrate from sites distant from the high-dose region include few preleukemic HSCs, thus decreasing the high-dose leukemia risk. The extended model for leukemia provides risk estimates that are consistent with epidemiologic data for leukemia risk associated with radiation therapy over a wide dose range. For example, when applied to an earlier case -control study of 110 000 women undergoing radiotherapy for uterine cancer, the model predicted an excess relative risk (ERR) of 1.9 for leukemia among women who received a large inhomogeneous fractionated external beam dose to the bone marrow (mean = 14.9 Gy), consistent with Radiation therapy inevitably exposes normal healthy organs to ionizing radiation and thus involves risks for radiation-induced
cancer ( 1 -14 ) . Patients treated with radiation therapy for mal i gnancies, such as prostate or breast cancer, are now treated at younger ages and are surviving longer ( 15 , 16 ) , resulting in an increased potential for radiation-induced second cancers. The potential for radiation-induced leukemia ( 6 -14 ) is of particular concern because the period between radiation exposure and the development of leukemia is typically only a few years ( 9 ) , much less than for the development of most solid tumors ( 10 ) .
Many epidemiologic studies of cancer risks after radiation therapy have been reported ( 2 -14 ) . However, treatment techniques for radiation therapy are changing rapidly, particularly with increasing use of escalated treatment doses ( 17 -19 ) , altered dose fractionation or protraction ( 20 -23 ) , and altered dose distributions in normal tissues ( 24 , 25 ) . Thus, results from these epidemiologic studies, which typically analyze data from treatments that took place several decades ago, cannot be applied directly to modern-day protocols. Evaluating second cancer risks associated with modern-day treatments thus requires the development of mechanistic models that use organ doses or dose distributions as the basis for predicting cancer risks. Such models can also provide insight into the basic biologic mechanisms of radiation carcinogenesis ( 1 ) .
Radiation therapy can deliver very high doses of radiation to regions in organs that are in or close to the target volume ( 26 ) . In earlier approaches that estimated the cancer risk associated with high-dose radiation, it was assumed that risk was governed primarily by two competing cellular processes ( 27 ) -initiation and inactivation. Initiation is the production of changes that make a cell premalignant, such as chromosomal translocations [e.g., the Philadelphia chromosome ( 28 ) ], other cytogenetic abnormalities [e.g., point mutations, small-scale chromosomal alterations, chromosomal inversions, deletions, duplications, or aneuploidy ( 29 -31 ) ], or heritable epigenetic alterations. Inactivation is any event that prevents a cell from having any viable progeny (e.g., failing to enter mitosis or undergoing apoptosis).
The assumption that radiation-induced carcinogenesis is primarily governed by initiation and inactivation has generally been quantifi ed by use of the standard linear -quadratic -exponential (LQE) equation [ ( 27 ) ; for reviews, see ( 1 , 32 , 33 ) ]. The LQE equation describes the excess relative risk (ERR) of cancer after a single acute dose of radiation ( D ) as ERR = (aD + bD 2 ) exp(−aD − bD 2 ), [1] where a and b are linear and quadratic coeffi cients for initiation, and α and β are linear and quadratic coeffi cients for inactivation.
The LQE equation thus uses the classic linear -quadratic form both for radiation-induced initiation ( aD + bD 2 ) and for radiationinduced inactivation exp( − α D − β D 2 ). For small and intermediate radiation doses, equation [1] predicts that the ERR is an increasing function of dose, as observed in epidemiologic studies ( 5 , 6 , 34 , 35 ) . At high doses, however, the exponential inactivation term exp( − α D − β D 2 ) in this LQE equation leads to a very small predicted ERR; i.e., essentially all radiation-initiated premalignant cells would be inactivated by the radiation. As we have shown previously ( 1 ) , this prediction of the LQE equation is inconsistent with recent risk estimates for radiation-induced solid cancer because such a rapid decrease in the ERR at high doses has not been observed.
Consequently, the standard LQE initiation -inactivation model was extended ( 1 ) to include cellular proliferation as a repopulation mechanism for organ stem cells. Symmetric stem cell proliferation (i.e., a stem cell dividing into two daughter stem cells) occurs in response to radiation-induced cellular inactivation ( 36 -39 ) and replenishes the number of stem cells in an organ. Symmetric proliferation takes place during and after radiation therapy; it tends to counteract the effects of cellular inactivation, thereby increasing ERR ( Table 1 ) , because any proliferating stem cell that has premalignant damage can pass that damage on to its progeny. Indeed, in a simplifi ed form of the initiation -inactivation -proliferation model for solid cancer induction, the effects of symmetric proliferation exactly cancel out those of inactivation ( 1 ) , so that ERR is linear in dose .
In contrast to the LQE initiation -inactivation model, predictions of the newer initiation -inactivation -proliferation model are consistent with current epidemiologic data for radiation therapyinduced solid tumors in organs near the treatment fi eld ( 1 ) . However, this approach to predicting risks of second cancers is problematic for leukemia, in that measured ERRs for radiation therapy -induced leukemia are lower than those predicted by the initiation -inactivation -proliferation model, although still higher than those predicted by the LQE initiation -inactivation model ( 5 , 6 , 34 ) .
A potential reason for this difference between the risk patterns for high-dose radiation -induced solid tumors and leukemias is the difference in repopulation mechanisms for the relevant target cells. For solid tumors, the target cells are the stem cells for that organ ( 1 ) ; for leukemias, we assume that the cells at risk for radiation-induced initiation to a preleukemic state are hematopoietic stem cells (HSCs), although our results should also apply if, instead, the cells at risk are pluripotent progenitor cells ( 40 ) . Like other stem cells, HSCs in a given location can repopulate by ‡ Proliferation in response to cellular inactivation takes place during radiation exposure and continues until repopulation is complete. Cellular proliferation expands the numbers of premalignant and normal stem cells, tending to compensate for the effects of cellular inactivation, thereby increasing the cancer risk.
§ Long-range migration of mostly normal stem cells from distant, minimally irradiated locations into locations with high radiation -induced damage decreases the cancer risk.
|| The excess relative risk estimated by the linear -quadratic -exponential (LQE) model (see equation [1] ). symmetric proliferation; unlike other stem cells, they can also repopulate by migrating through the blood stream from distant locations ( 41 -46 ) . Migration of HSCs, occurring primarily through the blood stream, is more rapid and longer ranged than migration of solid organ stem cells ( 42 , 43 ) . A substantial fraction of the repopulating HSCs will, therefore, originate far from the radiation treatment volume, in regions in which they were much less likely to have been initiated by radiation to become preleukemic HSCs. In contrast, repopulating stem cells in solid organs will generally have originated in heavily irradiated regions and would, therefore, include an appreciable fraction of premalignant cells. Thus, long-range HSC migration would partially offset the carcinogenic effects of proliferation and would be expected to result in an ERR for leukemia associated with high-dose radiation that is intermediate between the ERR predicted by the initiation -inactivationproliferation model (which neglects migration) and the ERR predicted by the standard LQE initiation -inactivation model (which neglects both proliferation and migration). In fact, such an intermediate ERR has been observed in epidemiologic studies ( 5 , 6 , 34 ) .
In the present study, we extended the initiation -inactivationproliferation model ( 1 ) to apply to leukemias, by adding an analysis of long-range HSC migration to improve the accuracy of risk estimation for leukemias associated with radiation therapy, and to increase mechanistic understanding of radiation leukemogenesis.
S UBJECTS AND M ETHODS

Radiation-Induced Leukemia Risk Database
The predictions of the model described in this study were validated against the results of a case -control study by Curtis et al. ( 9 ) that was based on cancer registry data for women who developed leukemia after radiation therapy for endometrial cancer. The women were treated with a variety of radiation doses, either with fractionated external beam radiation therapy or with a brachytherapy implant that emits radiation at low dose rates.
We chose to analyze the study by Curtis et al. ( 9 ) because of the large number (>200) of leukemia patients in that study and because it presented a detailed reconstruction of doses to various parts of the bone marrow. The Curtis study ( 9 ) was based on data from nine cancer registries in the United States, Canada, and Denmark, and it analyzed a cohort of 110 000 women with invasive endometrial cancer who were treated with radiation therapy, mostly in the 1960s and 1970s, with a mean treatment year of 1970. That study included 218 women who developed leukemia a mean of 7 years after treatment for endometrial cancer and 775 matched control subjects from the same cohort. Matching was based on registry, age (±5 years), exact calendar year of treatment, race, survival time, and type of leukemia (acute nonlymphocytic leukemia, acute lymphocytic leukemia, chronic myelogenous leukemia, and chronic lymphocytic leukemia). Four control subjects were chosen for each patient who had a leukemia other than chronic lymphocytic leukemia, and two control subjects were identifi ed for each patient with chronic lymphocytic leukemia. Leukemia risks associated with the radiation doses delivered to the bone marrow were reported ( 9 ) for both external beam and brachytherapy treatments. Overall, the radiation exposure approximately doubled the leukemia risk (ERR = 0.9, 95% confi dence interval [CI] = 0.3 to 1.9).
Detailed calculations of the distribution of radiation doses across the bone marrow were reported by Curtis et al. ( 9 ) for 151 patients who developed leukemia and for 564 matched control subjects ( Table 2 ). These 715 subjects constituted two patient populations, one of 188 patients treated with external beam therapy and the other of 527 patients treated with brachytherapy, each of which was divided into four dose groups ( D k , where k = 1 -4), according to the mean (i.e., bone marrow mass averaged) cumulative dose to the bone marrow. For the population treated with external beam therapy, the values for D k in the four dose groups, as estimated by Curtis et al. ( 9 ) , were 6.4 Gy (7 case patients and 28 matched control subjects), 8.8 Gy (19 case patients and 53 control subjects), 10.9 Gy (15 case patients and 36 control subjects), and 14.9 Gy (11 case patients and 21 control subjects), delivered in 20 -30 fractions. In our calculations, we assumed that one fraction was delivered every weekday for a 5-week period, for a total of 25 fractions. For the population treated with brachytherapy (average treatment time = 72 hours), values for D k in the four dose groups were 0.6 Gy (9 case patients and 37 control subjects), 1.2 Gy (12 case patients and 27 control subjects), 1.7 Gy (18 case patients and 49 control subjects), and 2.5 Gy (20 case patients and 75 control subjects).
As discussed above, information about the distribution of dose throughout the bone marrow is important, fi rst because HSCs originating from one part of the bone marrow can migrate to any other part ( 42 ) and second because the dose at different locations in the bone marrow can vary by a factor of up to 1000. Curtis et al. used a 17-compartment scheme ( 9 , 47 ) , as summarized in Table 2 , to describe the dose distribution to different parts of the bone marrow.
The total number of HSCs (N tot ) before treatment started was divided into the 17 bone marrow compartments according to the fraction of active bone marrow mass present in each compartment † These values specify how the bone marrow dose is distributed for the brachytherapy or fractionated external beam radiation therapy protocols used in this study ( 9 ) . The values are bone marrow compartment doses corresponding to a mean (i.e., mass-averaged) bone marrow dose of 100 cGy. Because the compartment doses are normalized to the mean bone marrow dose, Σ j f j a j = 100 cGy = Σ j f j b j .
( 9 ) . Thus, if f j is the fraction of the total bone marrow mass in the j th compartment ( Table 2 ) , then the steady-state number N j of HSCs in that compartment is
[2] For the population treated with external beam radiation therapy, the dose d kj per fraction in the j th bone marrow compartment for individuals in the k th dose group is determined by the marrow compartment normalized dose a j in Table 2 and the mean dose D k for dose group k as follows: [3] where the fraction number F is 25.
For the population treated with brachytherapy, the dose rate in the j th bone marrow compartment for individuals in the k th dose group R kj is
[4] where the irradiation time T is 72 hours, and the normalized marrow compartment dose b j is given in Table 2 .
Initiation -Inactivation -Proliferation -Migration Model of Radiation-Induced Leukemia
As discussed above, risks of radiation-induced leukemia at high radiation doses appear to result from a balance between the effects of HSC initiation, inactivation, proliferation, and longrange migration ( Table 1 ) . We fi rst consider the general structure of a model that includes these four processes, after which quantifi cation of each of these processes is briefl y discussed (for detailed equations, see the Appendix ).
The relevant timescale for HSC initiation or inactivation is the actual period of radiation therapy exposure, typically some days or weeks. We assume that proliferation and migration begin soon after treatment starts, continue during treatment, and then typically continue for several months after treatment until HSC repopulation is complete. During this time, the normal HSCs, which are the ones at risk for radiation initiation of preleukemic damage, will vary in number. We write the number at time t after the start of radiotherapy as n ( t ). The corresponding number of initiated HSCs, m ( t ), represents preleukemic HSCs capable, with some probability, of eventually causing leukemia. In all realistic scenarios, m is much less than n ; i.e., preleukemic cells constitute only a small fraction of the total HSCs. For example, according to the estimates described below, n is typically a few million, and m is typically a few hundred.
Our model is designed to track the time development of n ( t ) and m ( t ) during the period from the start of radiation therapy until HSC repopulation is complete. The quantity of main interest will be m radiat , the number of preleukemic HSCs that are 1) radiation-initiated HSCs or in a lineage originated by a radiationinitiated HSC and 2) viable at the time repopulation goes to completion. As in the initiation -inactivation -proliferation model for solid tumors ( 1 ) , it will be assumed that ERR is proportional to m radiat , specifi cally ERR = Bm radiat .
[5] The proportionality factor B depends on the time since repopulation has stopped (essentially the number of years after radiation therapy) and on other demographic and cohort properties (e.g., age at radiotherapy, sex, and ethnicity). However, B does not depend on dose or dose timing as determined by the radiation therapy regimen. Representing ERR as a product of a dose-dependent term and term depending on cohort properties, as in equation [5] , is a standard technique used in modeling radiation-induced carcinogenesis ( 6 , 35 , 48 ) .
After repopulation has run its full course, there are additional, typically much slower, stages in the carcinogenesis process ( 49 -53 ) . The factor B in equation [5] contains the relevant information on these slower processes. Because of its assumed dose independence, B can be estimated from cancer risks derived for atomic bomb survivors who were exposed to lower doses of radiation than the patients treated with radiation therapy. In the next sections, we emphasize estimating the dose-dependent component of the ERR through the quantity m radiat .
Hematopoietic Stem Cell Initiation and Inactivation
Just before irradiation begins, some background preleukemic HSCs may already be present in bone marrow compartments throughout the body or in the blood; we denote their number by m init . We assume in the analysis that m init is much smaller than the total number of HSCs N tot ( 54 , 55 ) and that, just before the irradiation begins, the preleukemic HSCs are uniformly distributed. Thus, from equation [2] , the number of preleukemic HSCs in the j th bone marrow compartment is m init f j .
We describe the net number of viable preleukemic HSCs initiated by a single fraction during multifraction radiation therapy by the standard LQE equation ( 27 ) , as presented in equation [1] , with the parameters a and b proportional to the number of cells at risk for initiation by radiation. Immediately after a dose fraction, d kj is delivered in bone marrow compartment j , the number of viable newly formed preleukemic HSCs is thus
[6] In equation [6] , we have set the quadratic parameter β in the exponential in activation term equal to zero because survival curves for HSCs are almost purely exponential ( 56 ) ; i.e., S = e − α D , where S is the surviving fraction. Parameter estimates involving the initiation constants γ and δ for producing preleukemic cells were derived from atomic bomb survivor data, as detailed below.
For brachytherapy, the dose rates during treatment are sufficiently low that two-track quadratic initiation effects are negligible ( 57 ) . Thus, the net initiation rate of viable preleukemic HSCs is n kj γR kj − m kj αR kj , [7] where R kj is the dose rate for the j th compartment and the k th dose group. The fi rst term in equation [7] , n kj γ R kj , is a preleukemic HSC initiation rate, and the second term m kj α R kj is the standard cellular inactivation rate for continuous irradiation that corresponds to exponential survival for an acute radiation dose ( 58 , 59 ) . As discussed and quantifi ed below, subsequent proliferation of the preleukemic HSCs tends to cancel out the effect of the cellular inactivation term in equation [7] (and in equation [6] ), but this cancellation is partially diluted by HSC migration.
Repopulation of Hematopoietic Stem Cells Through Proliferation
Symmetric proliferation of stem cells during and after high-dose radiation increases the risk of radiation-induced cancer [ ( 1 ) and Table 1 ]. We assumed that there is a given normal steady-state number N j of HSCs in each compartment (given by equation [2] ) and that, when the total number of HSCs is reduced to less than this normal steady-state number by radiation inactivation, symmetric HSC proliferation is stimulated. Common mechanisms for increasing the number of HSCs through symmetric proliferation are changes in the fraction of cycling HSCs and/or the length of cell cycle ( 39 ) . This HSC population expansion can, over a period of days, weeks, or at most several months, gradually restore the steadystate number of HSCs. The expansion rate is quantifi ed by a rate constant, λ , that represents net HSC symmetric proliferation and by a logistic factor that tends to maintain the steady-state number of HSCs in bone marrow. For the k th dose group, the expansion rate of the number of normal HSCs in the j th compartment is then
[8]
For example, if the total number of normal and preleukemic HSCs in the j th compartment is low ( N j ) because of high-dose radiation inactivation, then the logistic factor {1 − [( m kj + n kj )/ N j ]} in equation [8] is approximately equal to 1, and the number of HSCs increases at a rate that is approximately equal to the maximum rate of λ n kj . However, if the HSC number in the j th compartment is high, such as at a distant, minimally irradiated location, then m kj + n kj is approximately equal to N j , the logistic factor in equation [8] is almost zero, and symmetric proliferation of HSCs in that compartment is essentially zero. Equation [8] can also be applied to preleukemic HSCs, by exchanging n kj with m kj . Implicit in this procedure is the assumption that normal and preleukemic HSCs have equal per-cell expansion rates, i.e., that the repopulation ratio r , as previously discussed ( 1 ) , is equal to 1. If appropriate, a growth advantage or disadvantage for preleukemic HSCs during the repopulation period could also be modeled, by allowing the value of the parameter r to be different from 1 ( 1 ) . Current evidence, however, does not provide a consensus for a growth advantage ( r >1) or a growth disadvantage ( r <1) for preleukemic HSCs during the repopulation period. The possibility of growth advantages for preleukemic cells during subsequent longer time periods, involving cancer promotion and progression, is implicitly taken into account via the proportionality factor B in equation [5] .
We did not include in our model a term for the proliferation of normal and preleukemic HSCs suspended in blood because the contribution from this compartment is likely to be small: HSCs are stimulated to proliferate by the surrounding milieu of other bone marrow cells and the growth factors they secrete, both of which are negligible outside the bone marrow. Even if there was some proliferation in blood, it would have a minimal effect on the numerical results because very few HSCs are in the blood at any one time and because HSCs are in circulation for only a brief period before returning to bone marrow ( 60 ) . The pool of bloodborne HSCs turns over rapidly ( 28 , 29 ) , and so the HSC population in the blood should closely refl ect the weighted average concentrations of normal and preleukemic HSCs from all bone marrow compartments.
Repopulation of Hematopoietic Stem Cells Through Migration
Long-range HSC migration from bone marrow to blood, and vice versa, appears likely to strongly infl uence leukemia risks associated with radiation therapy ( Table 1 ) . This migration occurs in response to cytokine signaling ( 44 , 45 ) , and it tends to maintain a stable number of HSCs in each bone marrow compartment and in the blood.
We assumed that the rate of immigration of normal HSCs into the j th compartment of the bone marrow from blood for individuals in the k th dose group is given by the expression:
[9] where C I is an immigration rate constant, ν k is the number of normal HSCs in blood, f j is again the fraction of HSCs normally present in the j th marrow compartment, and the term [1 − ( n kj + m kj )/ N j ] is again the logistic factor, as discussed for equation [8] . Equation [9] is also assumed to hold for preleukemic HSCs, with ν k being replaced by μ k , the number of preleukemic HSCs in the blood.
The rate of the reverse process -emigration of normal HSCs from the bone marrow to the blood -is correspondingly given by [10] where C E is the emigration rate constant, n kj is the number of normal HSCs in the j th compartment of the bone marrow, N blood is the steady-state number of HSCs in blood, and [ 
is a logistic factor. The same form applies to preleukemic HSCs, if n kj is replaced by m kj . The emigration rate constant C E can be determined from the immigration rate constant C I by the condition that emigration and immigration are equal if all compartments and the blood are depleted of HSCs by a given factor, i.e.,
[11]
Application of the Model to Estimate Radiation-Induced Leukemia Relative Risks
We used the differential and difference equations, equations
, shown in the Appendix , to implement the HSC initiation -inactivation -proliferation -migration model described above; we then used this implementation to estimate the risk of radiation-induced leukemia for the cohorts of women ( 9 ) who were treated by external beam radiation or brachytherapy for endometrial cancer. As discussed below, parameters for the model were derived from biologic measurements of HSCs and were supplemented with two parameters derived from leukemia risk data in atomic bomb survivors who were subject to much lower radiation doses than prescribed in radiation therapy.
Model Parameters
The structure of equation [5] and equations [A1] -[ A13] in the Appendix indicates that only the six parameter combinations shown in Table 3 are required to estimate the ERR, under the assumption that the number of preleukemic HSCs is small compared with the number of normal HSCs. We confi rmed by direct computation that only these six parameter combinations were needed. As described below, four of these six parameter combinations ( α , λ , C I , and N blood / N tot ) were directly estimated from biologic data on HSCs, and the remaining two parameters ( γ N tot B and δ N tot B ) were estimated from atomic bomb survivor data.
Estimation of Hematopoietic Stem Cell Biologic Parameters
The multiple lineages of blood cells originate in the small population of HSCs that is capable of self-renewal and of generating differentiated progeny ( 40 , 61 ) . These HSCs, which we consider to be the most likely target cells for radiation-induced initiation, have been experimentally characterized and mathematically modeled in animals and humans ( 39 , 60 , 62 -65 ) . Shochat et al. ( 63 ) reported that the total number of HSCs in adult humans N tot was 51 000 ± 18 000 cells per kilogram of body weight (mean ± standard deviation [SD]). Udomsakdi et al. ( 60 ) reported that the corresponding number of HSCs in adult human blood (called N blood in our model) was 175 ± 30 cells per kilogram of body weight (mean ± SD). As discussed above, only the ratio N blood / N tot of HSCs in blood and bone marrow is relevant for our calculations; from these data, this ratio is 0.0035 ± 0.0018 (mean ± SD), which is consistent with earlier measurements by Duhrsen et al. ( 64 ) . A reasonable estimate for the number expansion rate constant λ of these HSCs in adult humans is 0.001 per hour ( 63 ) , with a biologically plausible range of 0.0001 -0.004 per hour ( 63 , 65 ) . These values are consistent with the potential doubling times of HSCs measured in mice ( 39 , 62 ) . The transition rate constant C I of these circulating HSCs, from blood to bone marrow, is less well established in humans, but studies in dogs [for review, see Fliedner ( 42 ) ] indicate a typical transition rate constant C I of 0.7 ± 0.3 per hour (mean ± SD) ( 66 ) . Finally, radiation-induced inactivation rates of HSCs can also be estimated from the literature: Typical HSC clonogenic survival curves are exponential in shape; i.e., S = exp[ − α D ], where α is the slope and D the radiation dose ( 56 , 67 ) . The slope parameter α varies from approximately 0.7 to 1.5 Gy − 1 , depending on the cell subtype and the extent of cytokine stimulation. In this study, we have assumed that α is the same for normal and preleukemic HSCs.
Estimation of Radiation-Induced Hematopoietic Stem Cell Initiation Parameters
The two additional parameter combinations that are needed to predict leukemia ERRs, γ N tot B and δ N tot B , involve the constants γ and δ , which characterize radiation-induced initiation of HSCs ( Table 3 ) [5] ), which depends on the details of the cohort under consideration. However, it is possible to appropriately estimate the two relevant parameter combinations γ N tot B and δ N tot B from epidemiologic information. In principle, any robust epidemiologic dataset for radiation-induced leukemia could be used, if one assumes that it contains appropriate dosimetry. In practice, as we now discuss, if a dataset involving uniform whole-body irradiation is used, the two parameters γ N tot B and δ N tot B can be estimated in a way that is independent of HSC inactivation, migration, and proliferation parameters.
Specifi cally, when virtually identical doses are delivered to each bone marrow compartment, as for the atomic bomb survivors ( 35 ) , the model (equation s [A1] -[ A13] ) can be simplifi ed considerably by use of a compensation theorem, illustrated in Fig. 1 . In this uniform dosing case, cellular repopulation ultimately compensates exactly for cellular inactivation, so that the overall yield of preleukemic HSCs is equal to the yield of preleukemic HSCs from initiation only, as if cellular inactivation, migration, or proliferation did not occur (i.e., as if α = 0, C I = 0, and λ = 0). Cellular inactivation, proliferation, and migration individually are by no means negligible in this situation; however, when repopulation is complete, these effects cancel each other out ( Fig. 1 ) . † C I and N blood / N tot infl uence the ERR mainly through the product
‡ B is the proportionality constant between ERR and m radiat ; see equation [5] . § The two parameters γ N tot B and δ N tot B are appropriately rescaled versions of the constants γ and δ that describe the initiation of normal HSCs by radiation to make preleukemic HSCs. They are estimated from atomic bomb leukemia data, with the risks adjusted to be appropriate for the demographic population under consideration.
|| 95% confi dence interval.
Fig. 1. Compensation theorem.
If all bone marrow compartments are exposed to the same radiation dose (as was approximately true for atomic bomb survivors), the initiation -inactivation -proliferation -migration model can be simplifi ed as follows. Hematopoietic stem cell (HSC) proliferation fully compensates for cellular inactivation, and migration is irrelevant because all compartments are exposed to the same dose. Thus, the leukemia risk can be estimated by considering only initiation. This simplifi cation allows the two parameters in the model involving HSC initiation, γ N tot B and δ N tot B , to be estimated from atomic bomb survivor leukemia data, independent of the other four parameters of the initiation -inactivation -proliferation -migration model. This compensation result is illustrated graphically for a hypothetical, simple case of two bone marrow compartments with different sizes, one containing 36 HSCs and the other containing 18 HSCs. Each compartment receives the same dose of radiation. We assume that this dose causes one of every nine normal HSCs to become preleukemic and inactivates one of every two HSCs. The fi gure shows how the proliferation and migration of normal and preleukemic HSCs repopulate each compartment. Because the repopulation kinetics are assumed to be the same for normal and preleukemic HSCs, the fi nal results will be that each compartment is fi lled with HSCs and that one of every nine HSCs is preleukemic, exactly as if inactivation, migration, and proliferation had never occurred, even though all these effects were individually quite large. With the equations in the Appendix , a corresponding result can be proved for an arbitrary number of compartments and/or dose fractions, provided that each marrow compartment receives the same dose of radiation.
For individuals exposed to a uniform single acute dose D , the compensation theorem ( Fig. 1 ) , when applied to equation [6] , gives the fi nal yield of radiation-initiated HSCs as m radiat = (gD + dD 2 )N tot .
[12] Thus, by use of equation [5] , the ERR for leukemia induction among individuals exposed to a uniform single acute radiation dose has the following comparatively simple form: ERR = (gD + dD 2 )N tot B.
[13] Hence, by fi tting equation [13] to the epidemiologic data for leukemia induction in atomic bomb survivors ( 35 ) , we can estimate the two additional parameters γ N tot B and δ N tot B that are needed to predict the leukemia ERR. Such a procedure would, of course, result in parameters that are appropriate to the ethnicity, sex distribution, age at exposure, and time since exposure of atomic bomb survivors. However, as discussed in the context of equation [5] , algorithms are available ( 48 , 68 ) to adjust the leukemia ERRs obtained from the atomic bomb survivor cohorts so that they will apply to other cohorts. We used these algorithms to adjust the leukemia ERRs from the atomic bomb survivors to apply to the radiation-therapy cohort in our analysis -specifically, to a Western female population with a mean birth year of 1908, a mean radiation therapy date of 1970, and a mean leukemia diagnosis date of 1977 ( 9 ) . We used IREP software (version 5.5.1) from the National Institutes of Health ( 48 ) for the adjustments. This software is publicly available at www.niosh-irep. com/irep%5fniosh . The algorithm used is essentially the same as that used in the recent National Academy of Sciences BEIR-VII Report ( 68 ) . Using a modifi ed simulated annealing algorithm ( 69 ) , we then fi t equation [13] to the adjusted dose-dependent ERRs, to obtain parameter estimates for γ N tot B and δ N tot B ; the resulting parameter estimates and 95% confi dence intervals are shown in Table 3 .
Statistical Analysis
To investigate parameter sensitivity, we calculated the effect of varying, within the biologically reasonable limits shown in Table 3 , the values of the four HSC parameters whose estimates were based on biologic considerations (i.e., α , C I , λ , and N blood / N tot ). As a further check on the biologic plausibility of the model, we compared the default values of these four HSC parameters ( Table 3 ) that were obtained from the literature and used in our calculations, with the corresponding parameter estimates obtained by directly fi tting the model to the radiation therapy data ( 9 ) . A customized inverse-variance fi tting algorithm that was based on simulated annealing ( 69 ) was used, with the parameters α , λ , C I , and N blood / N tot being freely adjustable, apart from nonnegativity constraints.
R ESULTS Excess Relative Risk Predictions for Leukemia Induction by Radiation Therapy
Using the default parameter combinations in Table 3 , the equations in the Appendix , and equation [5] , we obtained ERR predictions, shown in Fig. 2 , that are consistent with the data on leukemia induction after brachytherapy or fractionated radiation therapy in the studied population ( 9 ) . For example, for external Table 3 . The model predicts a steep initial increase in ERR with increasing dose of radiation, a subsequent leveling off that is much more pronounced than that predicted for solid tumors by the initiation -inactivation -proliferation model without migration, and, in contrast to the standard linear -quadratic -exponential model ( equation [1] ), predicts a substantial risk even at large doses. The predicted ERRs are consistent with the epidemiologic data.
beam radiotherapy, mean bone marrow doses of 6.4, 8.8, 10.9, and 14.9 Gy were associated with measured leukemia ERRs of 0.14 (95% CI = − 0.6 to 2.2), 0.9 (95% CI = 0.0 to 2.6), 1.6 (95% CI = 0.2 to 4.6), and 2.0 (95% CI = 0.2 to 6.4), respectively; the corresponding model-predicted ERRs of 1.4, 1.5, 1.7, and 1.9 were all within the 95% confi dence intervals of the data. In the corresponding data for continuous brachytherapy exposure, mean bone marrow doses of 0.6, 1.2, 1.7, and 2.5 Gy were associated with measured leukemia ERRs of 0.35 (95% CI = − 0.4 to 2.2), 1.5 (95% CI = 0.1 to 4.7), 1.0 (95% CI = 0.1 to 2.9), and 0.62 (95% CI = − 0.2 to 1.9), respectively; the corresponding modelpredicted ERRs of 0.71, 0.71, 0.75, and 0.80 were all within the 95% confi dence intervals of the data. Because we did not adjust the model parameters to fi t the leukemia risks associated with radiation therapy but rather used parameter estimates that were based on biologic data and on atomic bomb survivor data ( Table  3 ) to predict the ERRs associated with radiation therapy, even order-of-magnitude agreement in Fig. 2 was not guaranteed a priori.
As shown in Fig. 2 , at low mean radiation doses to the bone marrow (i.e., <1 Gy), the ERR increased approximately linearly with increasing dose. At higher doses (i.e., 1 -16 Gy), however, the predicted slope decreased markedly, and thus, the predicted ERR increased only slightly with increasing dose. This decrease in slope can be traced to the predicted effects of long-range HSC migration; it represents a very different prediction both from the standard initiation -inactivation model ( 27 ) , where the risk is predicted to decrease rapidly at higher doses (i.e., the slope becomes negative), and from the initiation -inactivationlocal proliferation model ( 1 ) , applicable to solid tumors, where the ERR continues to rise substantially throughout this high dose (>1 Gy) range.
Parameter Sensitivity Studies
We investigated the effects of varying, within biologically plausible limits, the values of the four parameters (i.e., α , C I , λ , and N blood / N tot ) whose estimates (see Table 3 ) were based on biologic considerations. For example, based on the range of parameter estimates in the literature ( 56 , 67 ) , the inactivation constant α was varied between 0.75 and 1.25 times the default value (i.e., between 0.83 and 1.4 Gy − 1 ). Varying each parameter within the biologically reasonable ranges shown in Table 3 did not substantially change the predicted dose-dependent ERRs for leukemia induction ( Fig. 3 ) .
We also fi tted the model directly to the radiation therapy data ( 9 ) by use of a modifi ed simulated annealing algorithm ( 69 ) , in which α , λ , C I , and N blood / N tot were free parameters (i.e., could attain any nonnegative values). We obtained only marginally better fi ts to the radiation therapy data, compared with the predicted ERRs ( Fig. 2 ) obtained with our default biologically based parameter set ( Table 3 ). When we allowed the parameters to vary to fi t the radiation therapy data, we found that, compared with the default values ( Table 3 ) , the estimated radiation inactivation parameter α decreased slightly, from 1.1 Gy − 1 to 1.0 Gy − 1 , and that the estimated HSC proliferation rate constant λ also decreased, from 10 − 3 h − 1 to 1.2 × 10 − 4 h − 1 . We also found that the estimated migration rate constant C I decreased, from 0.7 h − 1 to 0.003 h − 1 , but that C I remained much larger than the proliferation rate constant λ . Finally, we found that the estimated parameter N blood / N tot increased from 0.3 × 10 − 2 to 1.5 × 10 − 2 . Thus, the HSC parameter values obtained by direct fi tting were of the same order as the values estimated ( Table 3 ) from biologic measurements, providing additional evidence that the model is biologically plausible.
Hematopoietic Stem Cell Population Dynamics
The model makes detailed predictions for the dynamics of the HSC populations. Figure 4 illustrates the predicted time courses for the normalized numbers of preleukemic and normal HSCs in a highly irradiated bone marrow compartment, a lightly irradiated bone marrow compartment, and for the entire hematopoietic system. Some general patterns were found that are common to both brachytherapy ( Fig. 4, A and B ) and fractionated radiation therapy ( Fig. 4, C and D ) . Specifi cally, in heavily irradiated bone marrow compartments (e.g., the sacrum), the numbers of normal and preleukemic HSCs declined precipitously during the treatment period, by up to four orders of magnitude. After repopulation, however, the fi nal number of preleukemic HSCs in any given compartment was always more than the initial number (e.g., 1.8-fold more for a brachytherapy dose of 2.5 Gy and 2.9-fold more for an external beam dose of 14.9 Gy). In marrow compartments receiving smaller radiation doses (e.g., ribs), cellular inactivation played a smaller role, and the total number of HSCs did not decrease by more than twofold during radiation therapy. As seen in Fig. 4 , D , the model predicts that such conditions can produce a small but steady increase in the number of preleukemic HSCs during radiation therapy because the dose delivered by each fraction is suffi ciently low that it generates more preleukemic HSCs than it inactivates.
At all times, the predicted fraction of viable preleukemic HSCs in all marrow compartments combined was intermediate between the two extremes of a heavily and a lightly irradiated compartment. For example, as shown in Fig. 4 , at the end of radiation therapy but before completion of repopulation, the predicted ratio of the number of preleukemic cells to the number Fig. 3 . Sensitivity of the predicted leukemia excess relative risk (ERR) induced by radiation therapy to changes in parameters of the initiation -inactivationproliferation -migration model. In each panel, one hematopoietic stem cell (HSC) biologic parameter was varied within biologically plausible bounds (see Table 3 ), and the other parameters were fi xed at the default values given in Table 3 . Results obtained by varying a given parameter are indicated with lines of different thickness. A ) HSC ra diation inactivation parameter α . B ) HSC number expansion rate constant λ . C ) HSC migration rate constant C I . D ) Fraction of HSCs in blood ρ r = N blood / N tot . The two remaining relevant parameter combinations, γ N tot B and δ N tot B , which were determined through atomic bomb survivor data, were kept at the default values shown in Table 3 . Because C I and ρ infl uence the ERR primarily through the product ρ C I , panels C and D are similar to each other. Overall, the model predictions were not substantially sensitive to parameter value variations that were within biologically plausible bounds.
initially present was 0.02, 0.4, or 0.9, respectively, for sacrum, all marrow compartments combined, or ribs. For a given mean dose, the predicted number of preleukemic HSCs after complete repopulation increased by the same factor, compared with the number initially present, in all bone marrow compartments irrespective of the local dose in each compartment. Using the model equations, this result could be traced to intercompartmental migration.
D ISCUSSION Predicting Risks of Radiation Therapy -Related Leukemia
We have shown that a mechanistic initiation -inactivationproliferation -migration model can provide realistic estimates of dose-dependent leukemia ERRs after radiation therapy by use of 1) biologic data on HSCs and 2) information linking the ERR with the total number of preleukemic HSCs in the body when repopulation is complete. Thus, with this model and appropriate dose distributions in bone marrow ( 70 ) , it should be possible to predict the, as yet, uncharacterized risks ( 24 ) for radiation-induced leukemia associated with more modern radiation therapeutic protocols, such as high-dose intensity-modulated radiation therapy or radiation therapy with altered fractionation or protraction schemes.
Because we currently do not know the exact nature of the key preleukemic lesions, it will be necessary for the foreseeable future to use some epidemiologic data to provide the link between the yield of preleukemic lesions when repopulation is complete and the ERR. In the current work, we used leukemia risks calculated from data on atomic bomb survivors, but the approach described in the current study could in principle be used to estimate cancer risks in contemporary radiation therapy protocols on the basis of measured risks from earlier radiation therapy treatment protocols.
Such a capability to predict leukemia risks, and the corresponding capability to predict radiation therapy -induced risks for solid cancers ( 1 ) , gives rise to the possibility of adding second cancer risks to the other quantities (tumor control, early complications, and late-responding complications) that are optimized in state-of-the-art planning for radiation therapy ( 71 ) .
Dose Dependence of the Leukemia Excess Relative Risk
Each radiation therapy dose fraction (or each period of brachytherapy) produces new preleukemic HSCs and also inactivates a certain percentage of at-risk HSCs and preleukemic HSCs. HSC repopulation is predicted to modulate this picture 1) through migration, mainly of normal HSCs from distant (less irradiated and therefore less damaged) bone marrow sites through the blood to heavily irradiated sites, and 2) through proliferation to increase local numbers of preleukemic and normal HSCs. Analysis of how these different factors interact generated the predicted dose -response curves for leukemia ERR (e.g., Fig. 2 ) .
At low doses (up to ~ 1 Gy), the predicted leukemia ERRs ( Fig. 2 ) increased approximately linearly with dose. This linearity is the result of a complex interplay that was tracked by the differential and difference equations, as described in the Appendix , for initiation, inactivation, proliferation, and migration. Although the dosimetry is still preliminary ( 72 ) , epidemiologic data for leukemia mortality after prolonged radiation exposure at the Fig. 4 . Predicted hematopoietic stem cell (HSC) population dynamics during and after radiation therapy. Log -log plots show the evolution over time of normal and preleukemic HSC numbers, normalized to their initial values before treatment. In the examples shown, one bone marrow compartment (i.e., the sacrum, red line ) received a high radiation dose during therapy and another compartment (i.e., middle ribs, blue line ) received a much lower dose; the normalized number of preleukemic stem cells summed over all marrow compartments is also shown ( black line ). The curves were calculated by use of the equations of the Appendix , with the default parameter estimates in Table 3 . For convenience, the initial number of preleukemic cells was assumed to be 1/ B (see equation [5] ). A ) Normal cell numbers for continuous brachytherapy (mean bone marrow dose of 2.5 Gy over 72 hours). B ) Preleukemic cell numbers for continuous brachytherapy (mean bone marrow dose of 2.5 Gy over 72 hours). C ) Normal cell number for fractionated radiation therapy (mean bone marrow dose of 14.9 Gy delivered in 25 daily acute fractions, excluding weekends, starting after a weekend at t = 24 hours). D ) Preleukemic cell numbers for fractionated radiation therapy (mean bone marrow dose of 14.9 Gy delivered in 25 daily acute fractions, excluding weekends, starting after a weekend at t = 24 hours). In the highdose compartment, strong population fl uctuations caused by HSC inactivation and repopulation are evident, especially for weekends. For example, the red arrow shows the normalized preleukemic cell number at the start of the second week. In the lowdose compartment, which was located farther away from the treatment fi eld, less inactivation and repopulation are predicted to occur, so that fl uctuations are less prominent, and preleukemic HSCs accumulate steadily during the fi rst part of the regimen ( blue arrows ). The curve for total preleukemic HSCs lies between the curves for the low-and high-dose compartments. The relative increase ( black arrow ) in the number of preleukemic HSCs after a few months, when the normal HSC number has returned to its steady-state value, determines the excess relative risk.
Techa River in Russia also appear to indicate an approximately linear increase in the ERR up to a dose of 1 Gy ( 73 ) .
For higher cumulative doses of 1 -16 Gy, the slopes of the leukemia ERR curves shown in Fig. 2 decrease markedly as the dose increases, resulting in almost fl at dose -response curves. In the current model, this decrease in slope is the result of long-range migration of normal HSCs from minimally irradiated bone marrow compartments to heavily irradiated compartments, an effect that dominates the proliferation of local preleukemic HSCs. For solid cancers, where there is essentially no long-range stem cell migration, such a decrease in slope is much less pronounced, and the ERR continues to rise substantially over this high dose range ( 1 ) .
Model Limitations
One central aspect of our model is the implicit assumption that the dose -response relation for radiation-induced cancer has the same shape as the dose -response relation for the number of radiation-induced premalignant cells at the time when repopulation is complete. We modeled subsequent longer term evolution of clinical leukemia through a cohort-dependent, but radiationindependent, proportionality factor B in equation [5] . Such an approach is also implicit in most statistically based analyses of radiation-induced cancer ( 6 , 35 , 48 ) and in many ( 49 , 50 ) , but not all ( 51 -53 ) , of the biologically based models of the long-term evolution of premalignant cells.
It is also important to note that the equations used are deterministic in the sense that they deal with numbers of HSCs that are averaged over many patients. If a substantial leukemia risk is associated with even a small number of radiation-initiated preleukemic HSCs, then probabilistic patient-to-patient fl uctuations may be important. In such a situation, using probabilistic methods might improve the estimates ( 74 ) . In fact we have carried out preliminary stochastic modeling (calculations not shown), which indicated that repeated cycles of inactivation and repopulation could produce a highly overdispersed distribution of preleukemic HSCs, which would imply the need to incorporate stochastic corrections into the risk estimates.
Finally, we emphasize the uncertainties of the parameter values of the model, as illustrated in Table 3 . There is also some uncertainty associated with the bone marrow distribution data from Cristy ( 47 ) , as shown in Table 2 ; for example, there is some indication that adult bone marrow distributions change somewhat with age ( 75 ) , an effect that could be included as relevant data become available.
Summary
The ability to predict radiation-induced cancer risks associated with modern radiation therapy protocols should allow the risks of second cancers to be included, and potentially minimized, in radiation therapy treatment plan optimization ( 71 ) . This consideration is of increasing importance in light of the increasing number of younger patients undergoing radiation therapy and with increasing survival times. We have shown that radiation-induced leukemia risks at therapeutic doses of radiation can be predicted with reasonable accuracy with a mechanistically based, but tractable, initiation -inactivationproliferation -migration model. The model considers initiation (which produces premalignant cells), cellular inactivation, and cellular proliferation -the key elements in a corresponding model for estimating solid tumor risks. We extended the solid tumor model to leukemia by incorporating an analysis of longrange HSC migration. In addition to providing practical algorithms for the estimation of second cancer risks after radiation therapy, these leukemia and solid cancer models may also provide new quantitative insights into the mechanisms of radiationinduced carcinogenesis.
A PPENDIX : M ODEL E QUATIONS
In this Appendix , we present the mathematical implementation of the HSC initiation -inactivation -proliferation -migration model for leukemia risk estimation. The implementation is based on differential equations and difference equations, numerical solutions to which were calculated using a customized FORTRAN algorithm.
Brachytherapy
During brachytherapy, radiation is administered at a constant, compartment-specifi c, low dose rate R kj , as given by equation [4] . In accordance with the biologic concepts discussed in the text, rates of change in the numbers of normal and preleukemic HSCs for the k th dose group and in the j th bone marrow compartment d n kj /d t and d m kj /d t , respectively, are described by the following differential equations:
In equations [A1] and [ A2] , the terms involving λ describe an increase in the number of HSCs through symmetric proliferation, the terms involving C I describe migration of HSCs from the blood to bone marrow, the terms involving γ describe radiation-induced initiation of normal HSCs to produce preleukemic HSCs, the terms involving α describe radiation-induced inactivation of HSCs, and the terms involving C E describe migration of HSCs from the bone marrow to blood. For this situation and elsewhere in this analysis, C E = C I N blood / N tot , from equation [11] . Because m kj is much less than n kj at all times, omitting m kj from the logistic term [1 − ( m kj + n kj )/ N j ] in equations [A1] and/or [A2] has a negligible effect on our fi nal results. Similarly, the number of preleukemic HSCs can be omitted from any or all of the other logistic terms in the equations below without changing our estimates substantially. Each bone marrow compartment replenishes blood pools with preleukemic and normal HSCs. The rates of change of numbers of preleukemic ( μ k ) and normal ( ν k ) HSCs in blood are described by the following differential equations:
In equations [A3] and [A4] , the sums are over the number of bone marrow compartments ( j = 1, … , 17); R k is the weighted mean radiation dose rate for all bone marrow compartments, representing the radiation dose rate in blood. Because the fraction of HSCs in blood at any one time is small, the fi nal results are highly insensitive to changes in R k . Equations [A1]-[A4] apply both during the postirradiation part of the HSC repopulation period ( R kj = 0 = R k ) and during the irradiation period ( R kj >0 and R k >0).
Fractionated and Acute Exposure
For fractionated, external beam radiation therapy, the radiation dose is administered in well-separated dose fractions d kj , given by equation [3] . Between fractions, and after the last fraction, equations [A1] -[ A4] hold, with R kj = 0 = R k ; however, different equations are needed to describe HSC initiation and inactivation during a treatment fraction.
For computational convenience, the overall radiation therapy treatment period was broken down into discrete time steps ( Δ t , each of approximately about 0.01 hour). Numerical results were found to be essentially insensitive to step sizes of less than approximately 0.1 hour. We defi ne m kj − as the number of preleukemic HSCs before a given time step and m kj + as the number after the step. The same approach can be used for normal HSCs ( n kj − and n kj + ) and for those suspended in blood ( μ k − and μ k + for preleukemic HSCs and ν k − and ν k + for normal HSCs). The terms Δ m kj , Δ n kj , Δ μ k , and Δ ν k , which represent net rates of proliferation and migration for preleukemic and normal HSC populations per time step, are as follows: [A12]
In these equations, d k ( t ) is the weighted mean for all bone marrow doses d kj ( t ), and d kj ( t ) = 0 = d k ( t ), except for those time steps in which a fractionated exposure actually occurs. In applying the model to atomic bomb data, which we do to estimate the parameters γ N tot B and δ N tot B , the acute exposures are treated as a special case of the fractionated exposures, with just a single dose fraction and with a uniform dose distribution across the bone marrow.
We developed a customized FORTRAN program to solve equations [A1] -[A12] . The number of radiation-induced preleukemic and normal HSCs were calculated for all times until HSC repopulation is essentially complete.
When HSC repopulation is complete, the numbers of background ( m init ) and radiation-induced ( m radiat ) preleukemic HSCs are additive, i.e., the total number of preleuke mic HSCs when repopulation has run its course m fi nal is given by [A13]
The reason for the additivity in equation [A13] is that, before radiation exposure starts, preleukemic HSCs are distributed among the bone marrow compartments in the same proportions as normal HSCs. Let m ′ refer only to the initial number of preleukemic HSCs and their progeny -i.e., radiation-initiated preleukemic HSCs and their progeny are excluded -and consider the time course of the ratio of m ′ / n from the beginning of the irradiation to completion of HSC repopulation. Then, m ′ and n have essentially the same dynamics with regard to inactivation, proliferation, and migration. In fact, the only difference is the few normal HSCs that are initiated to become preleukemic HSCs by radiation therapy. Because m is much less than n , this difference has a negligible effect on n . This similarity between the dynamics of m ′ and n implies that m ′ / n is constant in all compartments at all times, even though m′ and n may fl uctuate widely. Because eventually n returns to its approximate initial value (apart from a negligible fraction of cells that became preleukemic during irradiation), m ′ must also eventually return to its initial value. Thus, m init reemerges, essentially unchanged, at the end of the repopulation period and adds to m radiat , as shown in equation [A13] .
